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Abstract

To decouple the effects of collagen fiber density and network mechanics on cancer cell behavior,
we describe a highly tunable /n vitro 3D interpenetrating network (IPN) consisting of a primary
fibrillar collagen network reinforced by a secondary visible light-mediated thiol-ene polyethylene
glycol) (PEG) network. This PEG/Collagen IPN platform is cytocompatible, inherently bioactive
via native cellular adhesion sites, and mechanically tunable over several orders of magnitude—
mimicking both healthy and cancerous breast tissue. Furthermore, we use the PEG/Collagen IPN
platform to investigate the effect of mechanical confinement on cancer cell behavior as it is
hypothesized that cells within tumors that have yet to invade into the surrounding tissue experience
mechanical confinement. We find that mechanical confinement via the IPN impairs behavior
characteristic of malignant cells (i.e., viability, proliferation, and cellular motility) in the triple
negative breast cancer cell line MDA.MB.231, and is more effective than removal of soluble
growth signals. The PEG/Collagen IPN platform is a useful tool for studying mechanotransductive
signaling pathways and motivates further investigation into the role of mechanical confinement in
cancer progression.
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1. Introduction

The tumor microenvironment is characterized by a stiffened extracellular matrix (ECM)
often displaying enhanced collagen deposition, crosslinking, and fiber alignment[l,2].
Furthermore, this abnormal microenvironment actively contributes to cancer progression by
promoting the invasion of the basement membrane, uncontrolled proliferation, and loss of
apicobasal polarity[1,3,4]. However, the exact biophysical mechanisms underlying this
behavior remain unclear. Therefore, to better understand how the tumor microenvironment
contributes to cancer progression, recent studies are moving beyond the study of purely
biochemical mechanisms and investigating the contributions and role of ECM physical
properties such as stiffness[l1,2], pore size[5], and viscoelasticity[4,6].

The physical properties of the ECM are sensed by cells via a process known as
mechanotransduction[7]. Traditionally, mechanotransduction is investigated using two-
dimensional systems, such as polyacrylamide gels, which offer the capacity to investigate
individual parameters independently: for example, the effects of substrate stiffness are
differentiated from ligand composition and density[8-12]. However, many of the elements
integral to mechanotransduction in 2D (e.g., focal adhesions, stress fibers, and lamellipodia)
are diminished or entirely absent within cells cultured in 3D environments[13-17].
Therefore, a need exists to probe the effects of the physical microenvironment on cancer cell
behavior within 3D cell culture systems, which better recapitulates the 3D /n vivo tumor
microenvironment than 2D systems. But in 3D cell culture systems, the physical parameters
of stiffness, ligand composition, and ligand density become more entangled and are difficult
to decouple. Despite this, a significant effort is ongoing to define them with studies
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involving synthetic biomaterials[18,19], naturally-derived biomaterials[1,2], and
combinations of the two[20,21].

For purely synthetic polymeric biomaterials, cells are typically encapsulated within
hydrogels[22,23]. Such an approach has the advantage of being highly tunable, often with
elastic moduli spanning several orders of magnitude, but suffers from a lack of natural cell-
adhesion sites and an inability to be remodeled by cells. To overcome this limitation, cell-
adhesion peptides[24—26] and protease-degradable peptide linkers[18,27-29] are often
incorporated into the network. While the incorporation of these peptides increases the
bioactivity of the material, it still does not completely recapitulate the rich bioactivity and
topography of full-length proteins. Moreover, the majority of studies only incorporate the
cell-adhesion peptide sequence RGDS, which interacts with a limited set of integrins, and,
therefore, does not completely mimic all cell-matrix interactions present /n vivo[30].
Conversely, naturally-derived biomaterials, specifically ECM-derived materials (e.g.,
collagen, reconstituted basement membrane, and fibrin), possess inherent bioactivity, but
exhibit weak mechanical properties. Therefore, several efforts have been undertaken to
improve the mechanical properties of ECM-derived materials; for example, with 3D
collagen, the elastic moduli is increased by crosslinking with glutaraldehyde, ribose, or
tissue transglutaminase[31]. However, each of these approaches has their limitations as
glutaraldehyde is cytotoxic[32,33], ribose yields a limited elastic moduli range between 100
and 150 Pa[2], and tissue transglutaminase alters pore size[34,35].

A promising alternative to purely synthetic or naturally-derived biomaterials is an
interpenetrating network (IPN) composed of a primary ECM-derived network reinforced by
a secondary polymeric network, which yields a material possessing both inherent bioactivity
and tunable mechanical properties. Here, we describe an IPN platform containing a fibrillar
collagen type-1 network reinforced by a secondary polymeric network formed from thiol-ene
polyethylene glycol) (PEG). Specifically, we report that the PEG/Collagen IPN possesses
inherent bioactivity, high cytocompatibility, and tunable mechanical properties over several
orders of magnitude, thus making it a useful tool for studying mechanobiology. Furthermore,
we use the PEG/Collagen IPN system to investigate the effect of mechanical confinement on
cancer cell behavior, which is hypothesized to be present during early-stage tumors that have
not yet invaded into the surrounding ECM[36-40]. We find that mechanical confinement
inhibits malignant-like behavior in the triple negative breast cancer cell line MDA.MB.231
—as exhibited by decreases in viability, proliferation, and motility.

2. Materials and Methods

2.1 Materials and cell culture:

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.
The triple negative breast cancer cell line MDA.MB.231 (ATCC, Manassas, VA) was
maintained at 37°C and 5% CO2 in DMEM (Invitrogen, Carlsbad, CA) supplemented with
10% fetal bovine serum (ThermoScientific, Logan, UT) and 1% penicillin-streptomycin
until passage 15
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2.2 IPN formation:

To generate the PEG/Collagen IPNs, 3D collagen gels were first generated as previously
described[41,42]. Briefly, High Concentration Rat Tail Type | Collagen (Corning Life
Sciences, Corning, NY) was combined in a 1:1 volumetric ratio with collagen neutralizing
buffer (100 mM HEPES in 2x PBS, pH 7.3) and diluted to the appropriate working
concentration in 1x PBS; in this study the collagen gel concentration was kept constant at 2
mg/mL. The collagen solution was then gelled by placing the solution in an incubator at
37°C for 1 hour. Once the collagen had fully polymerized, a solution containing the PEG
monomers (10 kD PEGnorbornene (PEG4NB) (Sigma-Aldrich, St. Louis, MO) and 1 kD
PEGdithiol (Creative PEGWorks, Chapel Hill, NC)), in a constant 1:2 molar ratio of
PEG4NB:PEGdithiol, and 0.1 mM of the photo-initiator Eosin Y was added and allowed to
diffuse into the collagen gels. Upon reaching diffusive equilibrium, excess PEG solution was
removed and the surfaces of the collagen gels were washed one time with 1x PBS. The PEG
network was then formed by irradiating the gels with visible laser light (514 nm, 500 mW
cm~2) for 120 s.

2.3 Mechanical characterization:

The mechanical properties of the PEG/Collagen IPNs were characterized using the
displacement-controlled Piuma nanoindentation system (Optics11, Netherlands). Here, a
spherical probe with a radius of 20.5 um and a cantilever stiffness of 0.105 N m~! was
indented into the surface of the PEG/Collagen IPNs at a constant rate of 10 pm s™1. The
reduced elastic moduli of the IPNs were then calculated using Hertz contact theory and
assuming the material to be linear elastic and isotropic. Importantly, the reduced elastic
modulus was calculated on the loading portion of the load-displacement curve, which has
been shown to be more suitable for soft, hydrated materials[43,44]. All measurements were
performed on samples covalently anchored to a glass-bottom dish and submerged within 1x
PBS. Each sample was indented five times and the probe was moved to a new location at
least 500 um away from the previous indentation location in order to avoid loading effects.

2.4 Characterization of molecular diffusion:

The diffusion properties of the well-characterized biomolecule bovine serum albumin
labeled with AlexaFluor 594 (BSA-AlexaFluor 594; Invitrogen, Carlsbad, CA), which has a
molecular weight of 66.6 kD, were measured within PEG/Collagen IPNs. Here, IPNs were
formed within 24-well transwell inserts (Corning Life Sciences, Corning, NY) containing a
polyester membrane with 0.4 um pores and a pore density of 4x108 pores per cm?2. After
formation of the IPNs, a solution containing the molecule of interest was added to the top of
the transwell insert and allowed to diffuse into the IPN. To ensure that the molecules of
interest had fully diffused into our IPNSs, diffusion experiments were performed 7 days after
initial addition of BSA-AlexaFluor 594,

Upon starting the diffusion experiments, 1000 uL of PBS was added to the bottom of the
transwell plates and samples were taken periodically over the course of 6 hours. The
diffusion kinetics were then measured using a SpectraMax M5 Plate Reader (Molecular
Devices, Sunnyvale, Ca) by fluorescence at 590/617 excitation/emission. To calculate
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diffusion coefficients, the semi-infinite slab approximation was used as previously
described[4,12]. The method is further described in the supplementary information.

2.5 Computational modeling of PEG monomer diffusion using finite element analysis:

To better understand the diffusion kinetics of PEG monomers into the collagen gels prior to
irradiation, we generated a diffusion model with COMSOL Multiphysics (COMSOL Inc.,
Palo Alto, USA) software. Briefly, the geometry of the collagen gels was recreated using
axi-symmetric symmetry. After estimating the hydrodynamic radius of the PEG monomers,
as detailed in the supplementary information, the diffusion coefficient of each PEG
monomer was calculated and inputted into the COMSOL model. The PEG concentration as
a function of time and z-position within collagen was then simulated.

2.6 Imaging of IPNs with scanning electron microscopy (SEM):

The IPNs were prepared for SEM using a modified approach based on a previously
described technique[45,46]. Here, IPN samples were serially transitioned into absolute
methanol by first treating with 30 minute incubations with 35, 50, 70, 90, and 100% ethanol.
Then, two 30 min incubations of 100% methanol were performed. Methanol dehydrated
IPNs were dried in a critical point dryer and adhered onto sample stubs using carbon tape.
Samples were then sputter coated with 5 nm of platinum-palladium and imaged using a Carl
Zeiss Supra 55 VP Field Emission Scanning Electron Microscope.

2.7 Viability analysis:
To measure the cytotoxicity of the IPN system, cell viability was measured using a LIVE/
DEAD assay (ThermoFisher, Waltham, MA). For the viability experiments, single cells were
first encapsulated within 2 mg/mL collagen gels and allowed to adhere overnight. Then,
PEG solutions containing 0.1 mM Eosin Y were added to the top of the collagen gels and
allowed to diffuse for 6 hours, at which point diffusive equilibrium was reached within our
system. After 6 hours, excess PEG solution was removed and the gels were irradiated with
visible light as previously described. The PEG/Collagen IPNs were then washed three times
with media (1 hr for each wash) to remove unreacted monomer. For the 0 mM PEG4NB
irradiated and non-irradiated conditions, Eosin Y was omitted in order to determine the
effect of laser light alone on cell viability. Eosin Y is safe photoinitiating system that has
been used by a number of research groups[47-50] as well as in FDA approved devices[51].

For the LIVE/DEAD assay, 2 UM of Calcein AM and 4 pM of Ethidium homodimer-1 in
serum-free DMEM was added and incubated for 30 min at 37°C. Three-dimensional images
(10 um intervals for 500 um) were then acquired using a confocal microscope. The images
were analyzed in ImageJ, and the percentage of viable cells was calculated manually in a
blinded manner.

2.8 Proliferation analysis:

The commercially-available Click-iT EdU (ThermoFisher, Waltham, MA) assay was used to
assess the proliferation of single MDA.MB.231 cells embedded within the PEG/Collagen
IPN system. After forming cell-laden PEG/Collagen IPNs, as previously described, the cells
were cultured for 48 hours in normal cell culture media, at which point the cell culture
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media was replaced with fresh media containing 10 uM of EdU. The cell-laden PEG/
Collagen IPNs were then incubated with the EAU media for 16 hours and subsequently fixed
with 4% PFA. The fixed PEG/Collagen IPNs were then prepared for EJU staining using the
manufacturer’s protocol. After staining with the AlexaFluor 647 azide small molecule, the
samples were counterstained with Hoechst 33342 for nuclear detection.

The samples were then imaged using confocal microscopy and 150 pm stacks with 3 pm
image intervals were acquired. The images were evaluated with Imaris image analysis
software (Bitplane, St. Paul, MN) using its spot-detection algorithm. Briefly, a minimum
intensity threshold was set for the EdU channel based on unstained controls. Then, the
percentage of proliferating cells was calculated by dividing the number of EdU+ cells by the
total number of nuclei identified using the spot-detection algorithm for the Hoechst 33342
channel.

2.9 Single-cell migration assay:

PEG/Collagen IPNs with MDA.MB.231 cells diffusely embedded were prepared as
previously described. To record single-cell migration behavior, brightfield time-lapse images
were acquired using a confocal microscope with an environmental chamber. Image
acquisition began immediately following PEG/Collagen IPN crosslinking and images were
acquired every 10 min for 24 hours.

The time-lapse images were analyzed using a custom-written ImageJ routine in combination
with Imaris image analysis software. Three-dimensional bright-field images were projected
in the z-direction using the minimum pixel intensity value and inverted. The resulting z-
projected image was then imported into Imaris, and the spot-tracking algorithm was used to
track the z-projected motion of individual cells.

2.10 Spheroid invasion assay:

Spheroids were formed as previously described[41,42] with one exception; 96-well ultra-low
attachment plates (Corning) were used instead of agarose-coated plates. The spheroids were
then embedded within 2 mg/mL collagen gels and allowed to adhere for 24 hours. PEG
solutions were then added and allowed to diffuse for 6 hours, after which excess PEG
solution was removed and the gels were irradiated with visible light. The gels were then
washed three times with media to remove any unreacted monomers. Spheroid size was then
recorded by taking brightfield images at Day -1, 0, 1, 3, 5, and 7. To quantify the radius of
the invasive edge of spheroids, we adapted a previously developed computational
method[52], which utilizes the magnitude of the gradient of brightfield images, and is
further described in the supplementary information.

2.11 Microscopy:

Images were acquired on a DMIG00B microscope (Leica, Wetzlar, Germany) with an
ImageM EM-CCD Camera (Hamamatsu Photonics, Hamamatsu, Japan) in a spinning disc
confocal setup (Yokogawa) with a LIVECELL environmental chamber (Pathology Devices,
San Diego, CA). Imaging was performed with Micro-Manager 1.4 Software (http://
WWW.micro-manager.org).
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2.12 Statistical analysis

All statistical data were expressed as mean = standard deviation. Statistical analysis was
carried out by one-way ANOVA with Tukey-Kramer post hoc test. A value of p < 0.05 was
considered statistically significant.

3. Results and Discussion

3.1 PEGI/Collagen IPN design rationale:

To generate a 3D /n vitro cell culture system possessing both inherent bioactivity and
tunable mechanical properties, we developed an IPN composed of a collagen type-I primary
network reinforced with a secondary PEG thiol-ene network (Fig. 1a). We anticipated that
the naturally-derived collagen type-1 network would provide inherent bioactivity via its
fibrillar architecture and cellular-adhesion cues while the synthetic PEG thiol-ene secondary
network would provide robust, tunable mechanical properties. However, because parameters
such as pH, temperature, and the ionic strength of the buffer solution can affect the collagen
fiber architecture during collagen gel formation[53,54], we first formed the collagen
network, then delivered the soluble PEG monomers to the collagen network, and
subsequently crosslinked the PEG monomers into a secondary network via visible light /n
situ (Fig. 1b and 1c). Such an approach ensured that the IPN system contained a fibrillar
collagen network, thus mimicking the /n vivo ECM architecture, while also possessing a
secondary PEG network.

The design criteria for our IPN included the ability to: 1) form networks from monomers
capable of readily diffusing into cell-laden 3D collagen gels; 2) provide spatiotemporal
control of crosslinking; 3) generate a stable secondary network upon crosslinking; and 4)
minimally affect cell viability. To achieve these design specifications, we utilized thiol-ene
“click” chemistry and explored PEG networks containing 4-arm poly(ethylene glycol)
monomers functionalized with norbornene (PEG4NB) and linear poly(ethylene glycol)
dithiol (PEGdithiol) as a crosslinker (Fig 1c). Importantly, because the PEG monomers were
of low molecular weight (less than 10 kD), the monomers readily diffused into collagen gels,
thus satisfying our first design criterion (See supplementary information and Fig. S1 for
further details).

PEG thiol-ene “click” chemistry has previously been used in 3D cell culture systems owing
to its ability to proceed rapidly under mild conditions, react in the presence of oxygen,
generate homogeneous networks, and be cytocompatible[55-57]. Additionally, these
reactions are considered bio-orthogonal as the reagents do not react with common biological
functional groups on proteins[58]. In this study, we utilized the ring-strained, and thus
highly reactive, functional group norbornene (Fig. 1c)[59].

To achieve spatiotemporal control of the reaction, the PEG thiol-ene crosslinking reaction
was initiated using the visible light photoinitiator Eosin Y in combination with green laser
light from a medical-grade laser. Using a visible light photoinitiator circumvents concerns
associatedwith UV initiators; namely potential DNA damage and reduced long-term cell
viability[60]. Moreover, Eosin Y is a type Il photoinitiator that often requires a potentially
cytotoxic coinitiator (e.g. triethanolamine) and comonomer (e.g. 1-vinyl-2 Pyrrolidinone) to
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initiate crosslinking (Fig. S2)[61]. However, due to the unique step-growth mechanism of
thiol-ene chemistry, co-initiators and co-monomers are excluded as Eosin Y can abstract a
hydrogen atom from the sulfihydryl group on the PEGdithiol monomer generating a thiyl
radical and initiating crosslinking[62]. Consequently, the use of Eosin Y as the photoinitiator
provides a high degree of spatiotemporal without adversely affecting cellular viability (Fig.
S2).

3.2 PEGI/Collagen IPN mechanical testing:

The generation of a stable secondary thiol-ene PEG network was confirmed via
nanoindentation mechanical testing as the PEG/Collagen IPN system exhibited a tunable
elastic modulus over several orders of magnitude: ranging from ~40 Pa for PEG/Collagen
IPNs with 5 mM PEG4NB to ~4 kPa for PEG/Collagen IPNs with 10 mM PEG4NB, as
shown in Fig. 2a. Notably, this range encompasses the elastic moduli of normal mammary
gland tissue (~200 Pa) and cancerous breast tissue (~1,600 Pa)[2], and is a significant
improvement in mechanical properties compared to the collagen-only controls, which
possess an elastic moduli of ~10 Pa and this value is in accordance with prior
literature[63,64]. In addition, the crosslinking time was inversely related to PEG monomer
concentration as the 5 mM and 10 mM PEG4NB conditions fully crosslinked after 45 s and
7.5 s, respectively (Figure S3). Moreover, the elastic modulus could be further increased to
~18 kPa by lowering the molecular weight of the PEGdithiol crosslinker to 0.154 kD (Fig.
S4). However, the 1 kD PEGdithiol was used for all studies as the shorter crosslinker
adversely affected cell viability (Fig. S5 and S6).

3.3 PEG/Collagen IPN biomolecular transport analysis

Prior to performing the cell studies, we investigated if the additional PEG secondary
network within the PEG/Collagen IPN alters the microstructure compared to a collagen-only
network as the pore size of PEG and collagen networks have different length scales: pure
collagen networks have pore sizes on the order of a few micrometers[65], while pure PEG
hydrogels typically have pore sizes on the order of nanometers[66,67]. Thus, we expected
that the altered microstructure in the PEG/Collagen IPN condition may slow the diffusion of
biomolecules. The diffusion kinetics of fluorescently-labeled bovine serum albumin (BSA)
molecules were measured as BSA diffused from BSA-laden networks, and the diffusion
coefficient within each of our networks was determined by fitting the data to a semi-infinite
slab approximation diffusion model (Fig. S7). The results revealed that the PEG/Collagen
IPNs significantly impair diffusion compared to the collagen-only control (Fig. 2b). The
BSA diffusion coefficient within 2 mg/mL collagen was 1.01 + 0.19 x 10~ cm?/s, and
decreased to 7.25 + 2.84 x 107° cm?/s, 3.87 + 2.5 x 107° cm?/s, and 2.74 + 1.3 x 107° cm?/s
for the 5 mM, 7.5 mM, and 10 mM PEG4NB IPNs, respectively. The lower diffusion
coefficients observed in the IPN treated collagen gels reflect the decrease in the porosity of
the overall network due to the PEG. Notably, the diffusion coefficient was not statistically
different between IPN conditions, suggesting that the IPN microstructure (i.e. pore size)
does not significantly change across IPN PEG concentrations, despite orders of difference in
mechanical properties. This indicates that the largest difference between PEG/Collagen IPNs
with low (5 mM) and high (10 mM) PEG concentrations is primarily mechanical.
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3.4 SEMimaging of PEG/Collagen IPN microstructure

To further investigate IPN/collagen microstructure, we performed scanning electron
microscopy (SEM) imaging. SEM imaging showed the collagen-only sample to be highly
porous and fibrillar, as expected (Fig. 2c), but the presence of the secondary PEG network in
the 10 mM PEG4NB/collagen sample afforded a less porous microstructure (Fig. 2d). For
the pure 10 mM PEG4NB network, the gel appeared as a continuous surface due to its pore
size being on the order of nanometers (Fig. 2e). Analyzing the SEM images by generating
histograms of pixel-intensity reflected these observed differences in microstructure as well.
The histogram for the collagen condition (Fig. 2f) displayed a left-shifted curve, indicating
that the microstructure is highly porous and heterogeneous. Interestingly, the histogram for
the PEG/Collagen IPN condition (Fig. 2g) appeared to be more normalized, reflecting that
the secondary PEG network yields a less porous and more homogeneous microstructure. The
histogram for the pure PEG condition (Fig. 2h) showed a narrow peak, illustrating a very
homogeneous network microstructure.

3.5 PEG/Collagen IPN cellular experiments rationale:

In two-dimensional studies, softer substrates inhibit cell spreading and promote apoptosis as
compared to stiffer substrates[68]. However, in our PEG/Collagen IPN platform, we
predicted that increasing the stiffness of the network in the absence of cell-degradable
crosslinkers may mechanically confine cells and impair viability as well as proliferation.
Therefore, we assessed the cellular response of the metastatic breast cancer cell line
MDA.MB.231 when embedded as single cells within PEG/Collagen IPNs according to the
protocol illustrated in Fig. 3a. In addition, finite element modeling of the PEG monomer
diffusion kinetics in our 3D collagen gels revealed that diffusive equilibrium is reached
within 6 hours (Fig. 3b). As a result, the PEG monomers were allowed to diffuse into the
cell-laden collagen gels for 6 hours, after which the gels were exposed to green laser light
and crosslinked.

3.6 PEGI/Collagen IPN viability assay

Cellular viability was assessed 24 hours after IPN crosslinking and an inverse relationship
between MDA.MB.231 cell viability and PEG4NB concentration was observed within the
PEG/Collagen IPN. Cell viabilities were found to be 83.4 £ 0.4,84.8 + 1.7, 76.8 £ 4.0, and
74.9 + 1.1% (mean £ S.D.; n = 3) for PEG/Collagen IPNs with 0, 5, 7.5, and 10 mM
PEG4NB, respectively (Fig. 3c-g). To determine whether this decrease in viability was due
to mechanical confinement or a chemical effect from the soluble monomers, we performed
the control in which the monomer solutions were added to the cell-laden collagen gels, but
not irradiated. In the non-irradiated controls, the viabilities were 95.0 + 3.2, 95.6 + 2.3, 97.2
+ 1.96, and 97.2 + 0.6% (mean £ S.D.; n = 3) for polymer solutions containing 0, 5, 7.5, and
10 mM PEG4NB, respectively (Fig. 3g). In addition, the viability of the irradiated 0 mM
PEG4NB, which did not contain Eosin Y, was not significantly different from the non-
irradiated 0 mM PEG4NB control; indicating that the laser light alone does not affect
cellular viability (Fig. 3g).

The results also suggest that the observed differences in viability are not attributable to free
radicals. If free radicals were affecting cellular viability, cellular viability would increase
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with increasing PEGANB concentration due to higher PEG4NB concentrations having
shorter crosslinking times (Fig. S3). However, we observe the opposite trend, which
suggests that the decrease in viability exhibited by the crosslinked PEG/Collagen IPN
conditions is not a consequence of free radicals. Furthermore, the observed decreases in
viability within the crosslinked conditions are also unlikely to be attributable to the
monomers interacting with proteins on the surface of cells as this has not been previously
reported[18,19,57]. Moreover, if the monomers were reacting with cells, we would likely
observe a failure in the formation of the secondary network because the stoichiometric ratio
between norbornene and thiols would be altered, and step-growth reactions such as the thiol-
ene reaction are sensitive to stoichiometric changes as predicted by the Flory-Stockmayer
equation[69,70]. However, we observe good network formation, therefore suggesting that
the reduced viability is not due to the monomers directly interacting with cells, but is instead
a mechanical effect.

3.7 PEGI/Collagen IPN proliferation assay

To assess proliferation within the IPN system, the EdU assay was employ ed 72 hours after
IPN formation. The proliferation assay revealed that mechanically confining cells within the
PEG/Collagen IPN platform significantly decreased the proliferation rate as the percentage
of EdU"* cells decreased from 72.8 + 8.3, t0 12.9 + 15.0, 12.97 + 15.4, and t0 3.0 + 6.1%
(mean £ S.D.; n = 3 gels, 4 locations per gel) for the 0, 5, 7.5, and 10 mM PEG4NB IPN
networks, respectively (Fig. 3h). Again, to confirm that these results were due to mechanical
effects and not chemical, we performed the control in which the PEG monomer solutions
were added, but not irradiated. The percentage of EdU™ cells were determined to be 73.4
+10.9,73.9+20.9,76.2+12.4, and 61.0 £ 18.9% (mean £+ S.D.; n = 3 gels, 4 locations per
gel) for 0, 5, 7.5, and 10 mM PEG4NB, respectively (Fig. 3h). Notably, proliferation in the
irradiated 0 mM PEG4NB condition, which did not contain Eosin Y, was not significantly
different from the non-irradiated 0 mM PEG4NB control; showing that laser light alone does
not affect cellular proliferation. Therefore, the decrease in proliferation is due to mechanical
confinement from the crosslinked PEG network and not a result from the soluble monomers
prior to crosslinking.

In addition, we found that mechanically confining cells within a secondary PEG network
was more effective at inhibiting proliferation than serum-starvation (Fig. 3i). Cells
embedded within 2 mg/mL collagen gels were serum-starved beginning at the same time
point as when the other conditions began receiving the soluble monomer solutions. While
serum-depletion did elicit a decrease in proliferation, 58.8 + 11.0% (mean + S.D.; n = 3 gels,
4 locations per gel), the percentage of EdU™ cells remained significantly higher compared to
the PEG/Collagen IPN conditions, indicating that mechanical confinement of MDA.MB.231
cells is more effective at inhibiting proliferation than removal of growth factors.

3.8 PEGI/Collagen IPN single-cell migration assay

In order to confirm that the cells were being confined by the presence of the secondary PEG
network within our PEG/Collagen IPN system, we assessed the migratory behavior of single
MDA.MB.231 cells embedded within the IPN system. The single-cell migration assays
showed that cells embedded within the PEG/Collagen IPN platform were essentially
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immobilized (Fig. 4a and Movie 1-2) as cell speeds were less than 15 pm/hr. This value
represents cells that are essentially oscillating in place and not translocating. Importantly,
cells in the non-irradiated control displayed no significant difference in cell speed across all
polymer concentrations. For the irradiated PEG/Collagen IPN conditions, mean cell speed of
the entire population was 22.5+ 0.9, 11.6 £ 0.9, 7.5 £ 0.5, and 7.7 + 0.3 um/hr for the O, 5,
7.5, and 10 mM PEG4NB, respectively (Fig. 4b). However, the mean cell speeds for the
non-irradiated controls were not statistically different from each other, and were 23.9 + 0.4,
23.7 £0.30, 23.7 £ 0.30, and 23.8 £ 0.26 um/hr for 0, 5, 7.5, and 10 mM PEG4NB,
respectively (Fig. 4b). These results indicate that the PEG/Collagen IPNs, without cell-
degradable crosslinkers, physically constrain cells and inhibit their migration. Moreover, the
results from the non-irradiated controls suggest that this lack of motion is due to mechanical
confinement and not a chemical effect resulting from the soluble monomers prior to
crosslinking.

The inhibitory effect of PEG/Collagen IPNs on single-cell migration led us to investigate
whether this inhibitory behavior is also be present within an embedded multicellular
spheroid model, which better mimics the /n vivo multicellular architecture compared to
single cells diffusely embedded within collagen as it recapitulates critical cell-cell
interactions[41,71]. The results revealed that adding a secondary, non-degradable PEG
network impaired MDA.MB.231 spheroid invasion into the surrounding matrix (Fig. 4c and
Movie 3). Furthermore, the non-irradiated controls displayed significant invasion, indicating
that this result was due to a mechanical effect and not a chemical effect from the soluble
monomers prior to crosslinking (Fig. 4c and Movie 4). Eventually, narrow protrusions from
the spheroid did develop within the PEG/Collagen IPN conditions, likely due to hydrolytic
cleavage of the PEG4NB molecule at later time points, but the overall number of invading
cells appeared to be significantly less than the control. Therefore, these results show that the
PEG/Collagen IPN platform mechanically confines spheroids and inhibits their invasion.

4. Conclusions

The PEG/Collagen IPN combines the inherent bioactivity of native collagen networks (i.e.,
native cell-adhesion sites and topology of full-length collagen proteins) with the tunable
mechanical properties of synthetic PEG networks. Moreover, because the soluble monomers
are first delivered to the cell-laden collagen network and then crosslinked into a 3D network
via visible light, this approach maintains the collagen network’s fibrillar architecture and
allows for the effects of network mechanics to be studied independently of collagen density.
Furthermore, we show that the PEG/Collagen IPN platform is cytocompatible, inherently
bioactive, and mechanically tunable over several orders of magnitude, spanning the stiffness
range between normal and malignant breast tissue[1].

We also demonstrate that mechanically confining cancer cells via our PEG/Collagen IPN
platform impairs behavior characteristic of malignant cells, which is in agreement with prior
work using agarose[72,73]. However, agarose lacks cell-adhesion sites. Therefore, our PEG/
Collagen IPN platform is an improvement upon earlier models as it enables mechanical
confinement of cancer cells while also providing cell-adhesion cues, which is more
reflective of the /n vivo tumor microenvironment. Furthermore, our results also reflect
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previous two-dimensional studies showing that confinement via micropatterned substrates
promotes apoptosis and inhibits proliferation via decreased cytoskeletal tension[74-77].

With respect to /n vivotumors, it is currently unclear how mechanical confinement, and the
solid stress that develops, affects cancer progression. While we observe that mechanical
confinement inhibits malignant-like behavior, others have hypothesized that solid stress may
promote malignancy via the collapse of blood vessels and formation of a hypoxic
environment[36,37,40,78]. Consequently, significant gaps in knowledge remain with respect
to mechanically-confined tumors /n vivo, and our PEG/Collagen IPN is a tool that fulfills a
number of the current gaps.
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Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance:

In this study, we have developed, optimized, and applied a novel 3D /n vitro cell culture
platform composed of an interpenetrating network (IPN) that is both mechanically
tunable and inherently bioactive. The IPN consists of a primary fibrillar collagen type-1
network reinforced by a secondary thiol-ene poly(ethylene glycol) (PEG) network. The
IPNs are formed via a novel strategy in which cell-laden collagen gels are formed first,
and soluble PEG monomers are added later and crosslinked via visible light. This
approach ensures that the collagen gels contain a fibrillar architecture similar to the
collagen architecture present /n vivo. We applied our IPN platform to study the effect of
mechanical confinement on cancer cell behavior and found that it inhibits malignant-like
behavior.
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Figure 1: Overview of PEG/Collagen Interpenetrating Network.
a) Overview of PEG/Collagen IPN. b) Soluble PEG monomers are delivered to 3D collagen

networks and crosslinked /n situ using visible light. ¢) Schematic of visible light-mediated
thiol-ene photopolymerization using Eosin Y as the photoinitiator.
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Figure 2: Material Characterization of PEG/Collagen IPNs.
a) Mechanical testing revealed the elastic moduli of PEG/Collagen IPNs spans several orders

of magnitude from ~10 Pa to ~4 kPa. b) The diffusion coefficients of BSA-AlexaFluor 594
within PEG/Collagen IPNs, as calculated by the semi-infinite slab approximation,
demonstrates that the secondary PEG network hinders biomolecular transport. The
microstructures of the IPN system were investigated using SEM imaging, and representative
images of the c) collagen-only, d) PEG/Collagen IPN with 10 mM PEG4NB, and e) PEG-
only gels with 10 mM PEG4NB are shown. Histogram of pixel intensity for f) collagen-only,
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g) PEG/Collagen IPN, and h) PEG-only gels is also shown. The left-shifted curve in the
histogram for the pure collagen condition reflects its highly porous microstructure, while the
more normalized curve in the PEG/collagen IPN histogram is indicative of the secondary
PEG network interpenetrating the porous collagen network. Data presented as mean + SD; n
= 3. P value determined using ANOVA with Tukey-Kramer post hoc analysis (*P < 0.001).
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Figure 3: Cellular Response to PEG/Collagen IPNs.
a) The experimental work flow for generating PEG/Collagen IPNs is shown and consists of

the following: 1) embedding cells within 3D collagen gels 24 hours prior to adding the
soluble polymer solution, 2) adding the soluble polymer solution and allowing 6 hours for
the polymer to fully diffuse into the collagen gel, 3) removing excess polymer solution and
irradiating the sample with visible light to initiate crosslinking, 4) washing the sample 3x’s
with cell culture media to remove any uncrosslinked monomers, and 5) adding a final
volume of cell culture media to the IPN and proceeding to perform the experiment of
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interest, b) Mathematical modeling of PEG4NB diffusion predicts our system reaches
diffusive equilibrium within 6 hours. LIVE/DEAD staining for MDA.MB.231 cells
embedded within PEG/Collagen IPNs containing ¢) 0 mM, d) 5 mM, e) 7.5 mM, and f) 10
mM PEG4NB. g) Viability analysis of LIVE/DEAD images showed a slight, but significant,
decrease in viability for the irradiated PEG/Collagen IPN conditions (blue), but not in the
non- irradiated controls (red). h) Proliferation analysis of MDA.MB.231 cells within PEG/
Collagen IPNs revealed a significant decrease in proliferation for the irradiated PEG/
Collagen IPN conditions (blue), but not in the non-irradiated controls (red). i) Serum-
starvation had a slight effect on proliferation, but not to the same degree as cells embedded
within the PEG/Collagen IPN condition. Data presented as mean + SD; n = 3 gels, 4
locations per gel. P value determined using ANOVA with Tukey-Kramer post hoc analysis
(*P < 0.05).
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Figure 4: Analysis of Cell Motility within PEG/Collagen IPNs.
a) Box-whisker plot of migration speed of individual MDA.MB.231 cells embedded

diffusely within PEG/Collagen IPNs over the course of 24 hours immediately following
crosslinking. b) The average cell speed for the entire population of cells within the irradiated
PEG/Collagen IPNs or non-irradiated controls (mean + SEM; n = 3 gels, 2 locations per
gel). P value determined using ANOVA with Tukey-Kramer post hoc analysis (*P < 0.001).
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¢) The average invasive radius of MDA.MB.231 multicellular spheroids embedded within
PEG/Collagen IPNs were measured as a function of time (mean £ SEM; n = 3 spheroids).
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